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Objectives: Our previous studies on osteoarthritis (OA) revealed positive outcome after chondrogenically
induced cells treatment. Presently, the functional improvements of these treated OA knee joints were
quantiﬁed followed by evaluation of the mechanical properties of the engineered cartilages.
Methods: Baseline electromyogram (EMGs) were conducted at week 0 (pre-OA), on the locomotory
muscles of nine un-castrated male sheep (Siamese long tail cross) divided into controls, adipose-derived
stem cells (ADSCs) and bone marrow stem cells (BMSCs), before OA inductions. Subsequent recordings
were performed at week 7 and week 31 which were post-OA and post-treatments. Afterwards, the
compression tests of the regenerated cartilage were performed.
Results: Post-treatment EMG analysis revealed that the control sheep retained signiﬁcant reductions in
amplitudes at the right medial gluteus, vastus lateralis and bicep femoris, whereas BMSCs and ADSCs
samples had no further signiﬁcant reductions (P < 0.05). Grossly and histologically, the treated knee
joints demonstrated the presence of regenerated neo cartilages evidenced by the ﬂuorescence of PKH26
tracker. Based on the International Cartilage Repair Society scores (ICRS), they had signiﬁcantly lower
grades than the controls (P < 0.05). The compression moduli of the native cartilages and the engineered
cartilages differed signiﬁcantly at the tibia plateau, patella femoral groove and the patella; whereas at the
medial femoral condyle, they had similar moduli of 0.69 MPa and 0.40e0.64 MPa respectively. Their
compression strengths at all four regions were within ±10 MPa.
Conclusion: The tissue engineered cartilages provided evidence of functional recoveries associated to the
structural regenerations, and their mechanical properties were comparable with the native cartilage.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.R.B. Hj Idrus, Department of
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It has been well established that abnormal deviations from
normal kinematics, kinetics, or electromyogram (EMG) patterns are
used to diagnose speciﬁc conditions and to predict the outcome of
treatments1e4. Several studies have been conducted over the past
two decades with the aim of engineering cartilage constructs for
repairing or restoring damaged cartilage5e9. It is desired that an
engineered neo-cartilage should possess mechanical propertiestd. All rights reserved.
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criteria for a translation of therapy to humans includes a proof of
concept that the engineered product possessed properties match-
ing the native tissue as well as the ability to provide functional
recovery12.
Among the major methods for determining the mechanical
properties of cartilage are tensile, compressive and shear testing13.
Tensile testing measures a force applied at a constant strain rate13.
Compressive testing often measures the compressive strength of a
material such as cracking or pitting14, while shear testing de-
termines the dynamic characteristics15. During the clinical follow
up of osteoarthritis (OA) treatment, a major degenerative joint
disorder, various labs including our orthopaedic department and
physiotherapy units use surface EMG to evaluate the contribution
of the affected limb to gait1,16e19. EMG studies revealed that after
the development of OA, the muscle activation pattern decreases in
the affected limb compared to the normal, due to atrophy which
ensues with time, because of muscle inactivation16,17,20.
In our previous studies, we optimised a procedure for the sur-
gical induction of osteoarthritis in sheep, which was a combined
technique of anterior cruciate ligament resection, medial menis-
cectomy and an exercise regimen21e23. These osteoarthritis-like
sub chondral lesions were treated with autologous chondrogeni-
cally induced ADSCs and BMSCs based therapy, and the gross im-
ages revealed good structural regeneration in the treated animals24.
The homing of the injected cells was traced to the lesions; and the
histology and the protein analysis of the regenerated cartilagewere
similar to the native8,24. In the present work, we considered
investigating this probable gained functional improvement and
quantifying the mechanical strength of the regenerated cartilage
after OA treatments.
Thus, our objectives included: (1) quantifying the functional
improvements of OA knee joints following chondrogenically
induced cell treatments using EMG; (2) measuring the
compression-related mechanical properties of the tissue-
engineered cartilage compared to those of the native cartilage of
the same animal.We hypothesised that therewould be a signiﬁcant
functional improvement in the knee joints after cell therapy
treatments.
Materials and methods
Experimental design
Ethics approval was granted by the University Kebangsaan
Malaysia Animal Ethics Committee (PP/TEC/RUSZYMAH/25-NOV/
342-DEC-2010-JUN-2012) and the Universiti PutraMalaysia Animal
Ethics Committee (RUJ: ACUC 07R6/JULY 07-DEC 09). A total of nine
randomly selected, healthy un-castrated male sheep (Siamese long
tail cross) aged 2.5 ± 0.5 years and weighing 25 ± 2 kg provided by
Veterinary Faculty University Putra Malaysia were used. EMG
measurements were performed on three separate occasions on the
study groups: 3Controls; 3BMSCs and 3ADSCs. The ﬁrst measure-
ment was taken before the surgical induction of OA (week 0); the
second was taken after the OA induction in the right knee joint of
each sheep (week 7). ADSCs and BMSCs harvested during the OA
inductions were concurrently cultured, labelled with PKH26 and
induced into the chondrogenic lineage before autologous injection
to the knee joint (week 7). The third EMG was taken at the end of
cell treatments (week 31). As it was impossible to obtain a
maximum voluntary contraction of muscles in sheep, EMG mea-
surements before surgery were considered the baseline amplitude
(pre-osteoarthritic). The pre-osteoarthritic, post-osteoarthritic and
the post-cell treatment recordings were compared to quantify the
variation in activation patterns that commonly occurs in OA-affected knees due to muscle atrophy. After sacriﬁce of sheep
(week 32), the regenerated cartilage biopsies were tested me-
chanically in comparison with the native cartilage.
Preparation for EMG
For easy carriage and safety of instruments, a jacket with a
pouch to hold the portable data logger (ME6000 Measurement
System, Finland) was designed [Fig. 1(A) and (B)]. To improve the
adaptability and consistency of EMG recordings, sheep were
trained to walk in a straight motion along a slated wooden corridor
every day for 12 weeks (before week 0). Two days prior to the EMG
measurement, the area around the muscles of interest was shaved
with clippers (Shears, USA) and cleaned with soap to increase
electrode pad's adhesion.
Muscles of interest
EMG activities of four major muscles for locomotion were
measured to determine their contractions at a normal walking pace
[Fig 1(C) and (D)]. These muscles include the medial gluteus mus-
cle, which helps to extend the hip and stiﬂe joints25,26; the lateral
vastus, which are the major knee extensors in mammalian quad-
rupeds; and the bicep femoris, which work in conjunctionwith the
vastus muscles27,28. The infraspinatus, which assist in the extension
and ﬂexion of the fore limbs29, were also measured to explore the
compensatory reactions in the forelimbs for the osteoarthritic right
hind limb. Both sides of the limbs were evaluated.
Electromyography measurements (surface EMG)
A portable EMG machine (ME6000 Measurement System,
Finland) was used. This has four socket units and eight channels.
Each of the channels has three electrode pad points (two live
conductors and one neutral) for attachment to a particular muscle.
The protocol was ME6000-T8 Neuro Stimulus, and the activities of
the muscles were recorded with Raw Free data. Sheep were led to
walk to and fro within the corridor while carrying the gadgets
[Fig.1(E)]. The mean amplitudes from the Root Mean Square (RMS)
were analysed in a single spectrum using the MegaWin PC-
software by a blinded Neurologist. Each sample had an average of
six separate recordings for a measurement.
Osteoarthritis induction
All sheep from different groups underwent an arthroscopy
evaluation to rule out any impending chondral lesion24 and
thereafter OA induction was conducted according to our optimized
protocol21,22. Brieﬂy, the sheep were sedated with intravenous (IV)
xylazine (0.1 mg/kg) and induced with IV ketamine (7 mg/kg).
Following intubation, they were ventilated and maintained on
isoﬂurane (1.5%) in oxygen. All sheep received long acting amoxi-
cillin 20 mg/kg, IM, once, as prophylactic antibiotic. Analgesia
consisted of tramadol 2 mg/kg, IV, intra-articular and peri-
incisional bupivacaine, and meloxicam 0.2 mg/kg, SC. Tramadol
and meloxicam were repeated at every 6 and 24 h, respectively.
Thereafter the anaesthetization, a medial parapatellar skin incision
was made beginning at a level 2 cm proximal to the patella and
extending to the level of the tibial plateau. The joint capsule was
incised and the patella was subluxated laterally to expose the
trochlear groove and the medial and lateral condyles of the distal
femur. Anterior cruciate ligament removal was performed by
excising the attachment on the medial aspect of the lateral femoral
condyle and the proximal aspect from its tibial attachment. The
medial meniscus was removed by excision of the caudal horn and
Fig. 1. (A) A photographic image of sheep wearing the custom-made jacket with pouches to hold the portable EMGmachine and electrode connections. (B) A photographic image of
the portable EMG machine with the electrode channels. Each one has three electrode pad points. (C) Drawn picture of sheep with representation of the superﬁcial muscles (Source:
Anatomy of domestic animals). The main locomotive muscles: 1, 2, 3 and 4 which are the middle gluteus, vastus lateralis, bicep femoris and infraspinatus respectively, were studied.
(D) A photographic image of sheep set for EMGmeasurement with electrodes connecting to the muscles of interest. (E) Photographic images of sheep walking in steady slow motion
during EMG measurements and carrying the portable EMG machine connected to channels 1e8 to detect muscle activities.
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tures. At the end of the three-week recovery period, sheep under-
went an exercise program conducted every day in a conﬁned
concrete track that was 25 m long and 1 mwide; by running to and
fro twice to complete a distance of 100m. This program lasted three
weeks in order to increase joint contact stress in the operated knee.
After exercise, the sheep were allowed free mobilisation within a
pen measuring 4  4 m2.
Harvest of adipose tissue
Adipose tissuewas harvested from the right infrapatellar fat pad
during the surgical resection to induce OA. Brieﬂy, the medial
aspect of the vastus medialis and the joint capsule were incised and
the patella was luxated medially to expose the knee fat pad.
Approximately 10 g of adipose tissue was harvested and kept in PBS
solution at þ4C until further processing.Bone marrow harvest
Tenmillilitres of bonemarrowwas harvested from the right iliac
crest after sedation and prior to surgery, with the aid of a trocar
(Cardinal Health Inc. USA) and a 50-ml syringe (Cringe™Malaysia)
containing 1  103 units of heparin, and was kept at þ4C until
further processing.
Monolayer cell culture
Following the isolation of ADSCs and BMSCs, they were cultured
in 75-cm2 ﬂasks (Corning Incorporated USA) with Dulbecco's
Modiﬁed Eagles Medium/F12 (D-MEM/F12) þ 10% foetal bovine
serum (Gibco USA), in a GalaxyR CO2 incubator (RS Biotech) with a
humidiﬁed atmosphere of 95% O2, 5% CO2 and 37C.When the
desired number of cells was attained, using our optimised protocol,
the cells were stained with PKH26 which was captured using the
Fig. 2. Graphical representation of the comparison between pre-OA to post-OA and to post-treatment EMG recordings of the control samples at the medial gluteus (MG), vastus
lateralis (VL), bicep femoris (BF) and infraspinatus (IS) muscles. L or R indicates the left or right limb, respectively. (*) indicates a signiﬁcant increase in amplitude, while (#) indicates
a signiﬁcant decrease in amplitude.
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rhodamine isothiocyanate (TRITC) wavelength
(544 nme572 nm)30 and induced to become chondrocytes. The
chondrogenic medium consisted of 93.5% Dulbecco's Modiﬁed Ea-
gles Medium/F12 (D-MEM/F12) (Gibco USA), 1% foetal bovine
serum and Glutamax (Gibco USA), 1% antibiotic/antimycotic (Gibco
USA), 1% vitamin C (Sigma USA), 1% insulin transferring selenium
(Gibco USA), 50 ng/ml IGF-1 (Invitrogen Inc.), ascorbic acid-2-
phosphate (Sigma USA) (50 mg/ml), 40 ng/ml L-Proline (Sigma
USA), 100 nM dexamethasone (Invitrogen Inc.), 10 ng/ml TGF-b3
(Invitrogen Inc.) and 10 ng/ml BMP-6 (Sigma USA). The induction
mediumwas changed every 3e4 days, and it lasted for three weeks.Intra-articular injection
Intra-articular injections were performed according to the
method previously described by Alfaqeh et al. 200822. Brieﬂy, the
cells were trypsinised, washed and resuspended in the culture
medium at a density of 4  106 cells per ml, in a total injection
volume of 5 ml. The sheep were anaesthetised and placed in lateral
recumbency. Using the para-ligamentous technique, the cellsuspension was injected into the medial compartment of the sur-
gical joint after the aspiration of synovial ﬂuid. The joint was
repeatedly ﬂexed and extended for the dispersal of the cells.
Gross and histological evaluation of the knee joints
After the end of 6 months implantation period (week 32), sheep
were euthanized21,22, and the right knee joints of both the control
and the test animals were dissected to expose the patella, condyles
and the tibia plateau. They were examined grossly and histologi-
cally for the extent of cartilage degeneration due to OA and the
degree of regeneration due to the transplanted cells by two blinded
Orthopaedic surgeons.
Evaluation of compressive strength and modulus
Using a biopsy punch (Premier, Plymouth USA), surgical blade
(Ribbel UK) and mini calliper (Shanghai, China), the tissues (6 mm
in diameter and 2 mm thickness) were harvested from four points
of regeneration namely: medial tibia plateau (MTP), patella (P),
patella femoral groove (PFG) and medial femoral condyle (MFC), on
Fig. 3. Graphical representation of the comparison between pre-OA to post-OA and to post-treatment recordings of the BMSC samples at the medial gluteus (MG), vastus lateralis
(VL), bicep femoris (BF) and infraspinatus (IS) muscles. L or R indicates the left or right limb, respectively. (*) indicates a signiﬁcant increase in amplitude, while (#) indicates a
signiﬁcant decrease in amplitude.
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the left knee (control samples). The samples were labelled and
stored at 30C in Eppendorf tubes containing PBS until use. The
compressive modulus and strength were measured in unconﬁned
mode using the Instron 5544 mechanical tester, (USA). Young's
modulus (Ec) was determined from the linear range of the
stressestrain curve, and the compression strength (Sc) was deter-
mined at 60% of the original height. Comparisons were made be-
tween the tissue engineered and the native cartilage; and between
cartilage generated from ADSC and BMSC sources.Statistical analysis
Data were presented as mean of the sample size. The standard
error of mean bars represents estimates of the standard deviation
of the sample distributions. Parametric means were analyzed using
paired t-tests. In the gene analysis, we effectively used each sample
as its own control hence the rejection of a null hypothesis can
become much likely. The ICRS were done using the Mann Whitney
U-test for non-parametric mean. Uncertainties were presented
within 95% conﬁdence intervals with P < 0.05 as a signiﬁcant value.All statistical analysis was performed using the version 17.0 of the
SPSS software.
Results
EMG assessments of control sheep samples
The EMG analysis of control samples were shown in Fig. 2. In
comparison with the baseline records, Control 1 revealed signiﬁ-
cant increase in the post-OA amplitude of the left medial gluteus
and decrease in the post-OA right medial gluteus. At the vastus
lateralis, only the right demonstrated a signiﬁcant decrease in post-
OA and post-treatment evaluations. At the bicep femoris, the left
post-OA amplitude had a signiﬁcant increase. The right, reduced
signiﬁcantly in both the post-OA and post-treatment evaluations.
The left and right infraspinatus amplitudes increased signiﬁcantly
in both post-OA records, but not in the post-treatments (P < 0.05).
Control 2 depicted signiﬁcant increases and decreases in both the
post-OA and post-treatment amplitudes of left medial gluteus and
the post-OA and post-treatment amplitudes of the right medial
gluteus. The left vastus lateralis amplitudes increased signiﬁcantly
post-OA. The right vastus had signiﬁcant decreases in both the
Fig. 4. Graphical representation of the comparison between pre-OA to post-OA and post-treatment EMG readings of the ADSC samples at the medial gluteus (MG), vastus lateralis
(VL), bicep femoris (BF) and infraspinatus (IS) muscles. L or R indicates the left or right limb, respectively. (*) indicates a signiﬁcant increase in amplitude, while (#) indicates a
signiﬁcant decrease in amplitude.
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same trend was noted as in control 1, except for the right side post-
treatment. The infraspinatus had the same trend as in control 1,
except for the left side post-treatment, which had a signiﬁcant
increase (P < 0.05). Control 3 showed a signiﬁcant increase in the
post-OA left medial gluteus and decreases in both the post-OA and
post-treatment right medial gluteus. The vastus lateralis has sig-
niﬁcant increases and decreases in both left post-OA and post-
treatment amplitudes and the right post-OA and post treatment
amplitudes respectively. At the bicep femoris, the same trend was
noted as in control 2. The left infraspinatus amplitudes increased
signiﬁcantly in the post-OA, while the right amplitudes increased
both post-OA and post-treatment (P < 0.05).EMG assessments of BMSC sheep samples
The EMG analysis of BMSC samples were detailed in Fig. 3. In
comparison with their baseline, BMSC 1 revealed a signiﬁcant
increase in post-OA amplitudes of the left medial gluteus and a
signiﬁcant decrease in the right post-OA amplitudes only. The
same trend was noted in the vastus lateralis and the bicep femoris.
At the infraspinatus, there was no increase in post-OA amplitudesof the left muscle, but instead, the post-treatment amplitude
decreased signiﬁcantly. The right side showed a signiﬁcant in-
crease in the post-OA level only (P < 0.05). BMSC 2 had no sig-
niﬁcant increase in post-OA amplitudes of the left medial gluteus,
but there was a signiﬁcant increase post-treatment. The right
gluteus showed the same trend noted in BMSC 1. The vastus lat-
eralis and bicep femoris showed the same trend as noted in BMSC
1. The left infraspinatus muscles had signiﬁcant increases in both
post-OA and post-treatment amplitudes; the right infraspinatus
increased at the post-treatment levels (P < 0.05). BMSC 3 depicted
a similar trend in the medial gluteus and vastus lateralis muscles
as noted in BMSC 1. At the bicep femoris, a different trend
occurred with signiﬁcant decreases in both the left and right post-
OA amplitudes. In the infraspinatus muscles, there were signiﬁ-
cant increases at both post-treatment amplitudes, but not in any of
the post-OA (P < 0.05).EMG assessments of ADSC sheep samples
The EMG analysis for ADSC samples is detailed in Fig. 4. In
comparison with their baseline records, ADSC 1 had a signiﬁcant
decrease in post-treatment amplitudes of the left medial gluteus.
Fig. 5. (A) The arthroscopy examinations on the right knee joints after OA inductions using the P and PFG as the reference points. Scale bar represents 1.4um (B) International
Cartilage Repair Society (ICRS) grading of the right knee joints after OA inductions. All the sheep samples had severe cartilage degenerations which were not signiﬁcant to each
other. UL ¼ upper limit, Mn ¼ mean and LL ¼ lower limit of the sample dispersions (C) The gross view of the right knee joint samples, with PFG, MFC, LFC, MTP, LTP and P as
reference points. At the PFG, the regenerated cartilages showed unique appearances compared to the native tissue (black ring); the controls retained severe cartilage degeneration
(black ring). At the MFC, the ADSCs and BMSCs had no sign of defects; while the controls retained severe cartilage degeneration (black ring). The LFC revealed no lesions in the
treated sheep, but the controls had cartilage softening (black arrow). At the MTP, both treated samples revealed meniscus-like structure (black arrow), but no regenerationwas seen
in the control. The LTP had no lesions in the treated samples, but the controls retained some degeneration (black arrow). At P, the control retained more cartilage degeneration than
either of the ADSCs or BMSCs (black arrows). (M ¼medial, and L ¼ lateral). The scale bar represents 1.5 cm. (D) The International Cartilage Repair Society (ICRS) grading of the right
knee joints after treatments. Both ADSC and BMSC-treated sheep samples had signiﬁcantly lower grades compared to the control (*).UL ¼ upper limit, Mn ¼ mean and LL ¼ lower
limit of the sample dispersions.
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vastus lateralis showed a signiﬁcant increase in the left post-OA
amplitudes and a decrease in the right post-OA amplitude. The
same trend was noted in the bicep femoris. At the infraspinatus
muscles, only the right side had a signiﬁcant increase in amplitude
post-OA (P < 0.05). For ADSC 2, the medial gluteus and vastus lat-
eralis followed the same trend as that seen in ADSC 1 (vastus lat-
eralis). At the bicep femoris, only the left post-OA amplitudes were
signiﬁcantly increased. In the infraspinatus, there were signiﬁcant
increases on the right side at both the post-OA and post-treatment
amplitudes (P < 0.05). ADSC 3 showed the same trend in the medial
gluteus and vastus lateralis muscles as with ADSC 2. The left bicepfemoris had a signiﬁcant increase in the post-treatment amplitudes
and a subsequent signiﬁcant decrease in post-OA amplitudes of the
right side. In the left and right infraspinatus, there were signiﬁcant
increases in both post-OA amplitudes (P < 0.05).Arthroscopy evaluation
Using the patella (P) and patella femoral groove (PFG) as refer-
ence points, the arthroscopy examinations conducted on the right
knee joints after OA inductions [Fig. 5(A)], showed degenerative
and inﬂammatory changes. The lesions at all the three groups were
Fig. 6. (A) The haematoxylin and Eosin staining using PFG as a referral point. The tissue-engineered cartilages from the regenerated portions on both treated sheep showed signs of
lacunae and cartilage isolated cells, but not like the native cartilage. The controls showed exposed subchondral bone (B) The Safranin O staining using MTP as a referral point. The
regenerated cartilages on both treated samples stained positive and they were homogenous to the ground tissues and the accumulated proteoglycans of a native cartilage. The
control samples showed deep cartilage defects. In both Fig A & B, white arrows point to the features in the original images, Scale: 0.70um; while the black arrows point to the
features in the magniﬁed images, Scale: 1.4um.
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grades greater than 3 points on the scale.Gross evaluations
The treated joints had varying degrees of regenerations
[Fig. 5(C)]. They were prominent at the PFG. The appearance was
different compared to the native cartilage and was not present on
the controls. The MFC of the treated sheep had mild cartilage
degeneration, while the controls were severe. At the lateral femoral
condyle (LFC), only the controls revealed coarse deterioration. The
MTP of the treated samples had visible cartilage and meniscus re-
generations; the controls had no sign of meniscus regeneration. The
treated sheep had mild cartilage degeneration at the lateral tibia
plateau (LTP), but the controls had deep defects. The patella (P) also
showed deep cartilage defects on the controls only. Generally, the
treated sheep had varying degrees of regenerations, which was not
on the controls. On the ICRS-grade scale, the controls scored amean
grade of 3.5 ± 0.8, while the chondrogenic induced ADSC and BMSCgroups scored 1.2 ± 0.4 and 1.0 ± 0.3, respectively, which were
signiﬁcantly lower compared to the control [Fig.5(D)].
Histological evaluation
The tissue-engineered cartilages from the regenerated portions
of the PFG on both treated samples showed slight signs of lacunae
and cartilage isolated cells on haematoxylin and eosin staining,
though not smoothly packed like the native cartilage. The controls
showed reduced cartilage layer and exposed subchondral bone
[Fig.6(A)]. The regenerated cartilages from the MTP on both
treated samples stained positive with Safranin O. They were ho-
mogenous to the accumulated proteoglycans revealed in Safranin
O staining. The control samples showed deep cartilage defects
[Fig.6(B)].
PKH26 evaluation
Two dimensional (2D) analyses of the resected neo-cartilages
from the treated right knee joints revealed red ﬂuorescence of
Fig. 7. PKH26 Evaluation on the regenerated cartilages. The 2D ﬂuorescence analysis of the resected portions from the treated right knee joints revealed red PKH26 dye on these
regions: PFG, MFC, MTP and P. The composite images revealed the interactions of the transplanted cells with the native cartilage, Scale: 0.70um. The 3D ﬂuorescence analysis shows
in greater details these interactions (black arrow) of the transplanted cells with the ground tissues Scale: 1.4um.
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images from these regions which comprised a phase contrast and
the ﬂuorescence images depicted the interactions of the trans-
planted cells with the native cartilage; evidenced in the three
dimensional (3D) arrangements of labelled cells within the ground
tissue. These conﬁrmed the homing of the injected cells in the
treated joints.
Unconﬁned compression modulus (EC) and strength (SC)
The compression test carried out on the controls and the tissue-
engineered samples on four regions of the knee, namely: MTP, P,
PFG and MFC [Fig. 8(A) and (B)], was as shown in [Fig. 9(A) and (B)].
The modulus of the control samples were signiﬁcantly higher at TP
compared to the ADSCs and BMSCs. BMSC samples were signiﬁ-
cantly higher than the controls and ADSCs at P. At PFG, the control
was signiﬁcantly higher than both engineered cartilages, but the
BMSCs were signiﬁcantly higher than those of the ADSCs. There
was no signiﬁcant difference between the moduli for MFC
(P < 0.05). On the compression strengths, the BMSCs were signiﬁ-
cantly higher at TP compared to the ADSCs. The control samples
were signiﬁcantly higher to both ADSCs and the BMSCs at P. At PFG,
the controls were signiﬁcantly higher to the BMSCs only. At theMFC the controls again had signiﬁcantly higher strengths compared
to both ADSCs and the BMSCs (P < 0.05).Discussion
The clinical application of any biomechanical procedure is to
quantitatively evaluate the degree to which locomotion and
movements have been affected by a pre-diagnosed disorder3,17,19,31.
In our earlier report, the resections of anterior cruciate ligament
and medial meniscus caused multifocal cartilage degenerations in
six different regions of the knee21. This was also demonstrated in
the present work with reference to the post-OA PFG and P
arthroscopic images. Furthermore, single intra-articular injections
of autologous chondrogenically induced ADSCs or BMSCs showed
the ability to retard the progressive destruction of cartilage in
surgically induced osteoarthritic sheep8,24. We showed in these
earlier reports that both cell types possessed multipotent abilities
and they expressed both the hyaline cartilage speciﬁc genes and
proteins, after inductions and transplantations respectively24. The
gross images and histology, as were demonstrated in the present
work showed regenerated de novo cartilages. This was proved via a
tracking dye on both chondrogenically induced ADSCs and
Fig. 8. (A)Photographic images of sheep knee joint samples, with the points of cartilage harvests from the PFG, femoral condyle (FC), P and tibia plateau (TP)) for biomechanical
compression analysis. Scale bar represents 1.5 cm. (B) Sample preparations before the unconﬁned compression tests. The thickness was 2 mm and the diameter was 6 mm. Samples
were ﬁxed by glue on the bottom of a Petri dish ﬁlled with PBS solution (room temperature).
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the study to evaluate their function, durability and strength.
Sixmonths outcomehasbeena standardmidpoint assessment in
many studies involving knee osteoarthritic treatment32. To the best
of our knowledge, this is the ﬁrst time that an EMG technique was
used to follow up a treatment regimen in the sheep model of oste-
oarthritis. Owing to the inability to obtain a maximum voluntary
contraction from sheep, each sample had its own speciﬁc basal
measurement in eachmuscle, used to normalize the test results. The
vastus lateralis had higher amplitudes in most of the pre-OA values,
followed by the middle gluteus and the bicep femoris, just as it has
been reported for their contributions to sheep locomotion27.After the inductionofOA, themuscle activities at the left hind limb
increased, with a concurrent decrease in the right limb. The infra-
spinatus increased on both sides, but more to the right. This could be
explained as a transfer loading force response for the osteoarthritic
right limb, hence alleviating theweakness experienced33,34. The EMG
measurements after the intra-articular injections (post-treatment)
demonstrated thatmost of the samples from thehind limbhad a shift
of the weight back towards the right limb, with the left returning to
pre-OAvalues. At the forelimb, therewas not much of a shift towards
the pre-OAvalues. Upon comparing the baseline recordings (pre-OA)
to the post-OA and post-treatment data, the results frommost of the
right hind limb EMGs revealed a signiﬁcant decrease of post-OA
Fig. 9. (A) Graphical representation of the unconﬁned compression modulus (Ec) test carried out on the controls (native cartilage) and the tissue engineered samples (chon-
drogenically induced ADSCs and BMSCs) on the TP, P, PFG and MFC. The control samples were signiﬁcantly higher at the TP compared to that of the ADSCs and BMSCs (*). BMSC
samples were signiﬁcantly higher at P compared to that of the controls and ADSCs (**). At the PFG, the controls were signiﬁcantly higher compared to those of both tissue-
engineered samples (*, **); the BMSCs also had signiﬁcantly higher compression modulus compared to the ADSCs (*). UL ¼ upper limit, Mn ¼ mean and LL ¼ lower limit of the
sample dispersion (B) Graphical representation of the unconﬁned compression strength (Sc) carried out on the control samples and the chondrogenically induced ADSCs and BMSCs
from four different regions of the knee: TP, P, PFG and MFC. The BMSC samples were signiﬁcantly higher at the TP compared to that of the ADSCs but not compared to that of the
controls (#). The control samples were signiﬁcantly higher compared to those of both the ADSCs and BMSCs at P and MFC (##). At PFG, the controls were signiﬁcantly higher
compared to those of the BMSCs but not to those of the ADSCs (###). UL ¼ upper limit, Mn ¼ mean and LL ¼ lower limit of the sample dispersion.
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control samples still retained signiﬁcant decreases in amplitude at
their post-treatment recordings, indicating reduced recupera-
tion3,4,31. In the chondrogenically induced BMSC-treated samples,
there was no further signiﬁcant decrease in amplitudes at the right
hind limbafter treatment, indicating an improved recuperation16,18,19.
The chondrogenically induced ADSCs followed a similar pattern as
BMSCswith no further signiﬁcant decreases inmuscle activities after
treatments at the right hind limbs16,18,20. With the above results, the
partplayedbyanynatural healing, the absenceofpainor theprobable
adaptation to injury on the shift of EMG results after treatment was
ruledout. These results indicated that the tissueengineered cartilages
demonstrated functional improvements that accompanied the
structural regeneration.
The mechanical analysis using the unconﬁned compression test
was conducted on samples taken from four regions of the knee on
two perfectly smooth, rigid and impervious plates15. Continuous
immersion in phosphate-buffered saline was used to overcome
suction between the sample and the plate caused shear stress35.
The results revealed that native cartilage had signiﬁcantly higher
moduli at TP and PFG, which were within the range of
1e4.95 MPa36. The engineered cartilages had higher moduli at P,
with a range of 1.48e3.48 MPa compared to 0.65 MPa for native
cartilage37,38. At the MFC, 0.69 MPa of the controls and the range of
0.40e0.64 MPa of the engineered cartilages were within the rangeof earlier reports38,39. The alterations in compression moduli at
different regions between the native tissue and the engineered
cartilages can be assumed to be comparable; while conceding that
an engineered substitute may never be of the same quality as the
natural tissue10. The compression strength testing was the most
comparable between the samples. They were within a range of
±10 MPa37,40. These were considered more consistent, as reports
have established that the mechanical properties of cartilage from
different regions of the joints vary signiﬁcantly from one another40.
Among the limitations of this study include: the small number of
animal; the use of surface electrodes for the EMG measurements,
though it is non-invasive, but recordings from different sites within a
muscle have been reported to show variations20,41. In the sample
preparations for themechanical testing, themethodofmanual biopsy
by curettage may have caused the possibility of unequal dimensions.
Automated calibrated biopsies would be preferred for future study.
In conclusion, the above report revealed that the tissue engi-
neered cartilages provided evidence of functional and mechanical
recoveries associated to their structural regenerations.
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